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Alu and L1 retroelements have been suggested to initiate the spread of CpG methylation. In this study, the spread of CpG methylation was
estimated based on the distance between the CpG islands and the nearest retroelements. All human genes (23,116) were examined and the
correlations between the length of the CpG islands and the distance and density of the confronting retroelements were examined using
nonoverlapping 5-kb windows. There was a linear relationship between the length of the CpG islands and the density of the Alu elements and an
inverse relationship between the CpG islands and the L1 elements located more distantly, suggesting a suppressive effect of the Alu’s on the spread
of L1 methylation. Methylation analysis of the transitional CpG sites between the CpG islands and the nearest retroelements upstream of 16 genes
was then carried out using DNA preparations from 11 different human tissues. Methylation-variable transitional CpGs were observed for the
selected genes and the different tissues.
© 2006 Elsevier Inc. All rights reserved.Keywords: CpG methylation; CpG islands; RetroelementHighly repetitive sequences derived from self-replicating
retroelements make up almost half of the human genome [1].
The genome-wide pattern of the retroelement distribution illus-
trates the central theme of genomic evolution, the interdepen-
dency of the host genes and parasitic retroelements. The
retroelements are classified into two groups according to their
ability to encode reverse transcriptase for self-replication: au-
tonomous L1 (a LINE element) and LTR (long terminal repeats)
and nonautonomous Alu (a SINE element). The L1 element
lacks an LTR, which distinguishes it from the LTR-containing
LINE elements. On an evolutionary scale, the autonomous L1
elements and nonautonomous Alu elements are biased differen-
tially toward the gene-poor and gene-rich subchromosomal
regions, respectively [1–3]. This redistribution of retroelements
is believed to be due to the accommodation of host genes and
parasitic retroelements that determine the fitness of an organism
[4–6].⁎ Corresponding author. Fax: +82 2 5968969.
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doi:10.1016/j.ygeno.2006.01.002Individual retroelement copies are suppressed by hyper-
methylation, because the vegetative copy of the self-replicating
genetic units generates multiple integrative copies, resulting in
the harmful influence of insertion mutagenesis. Recently, it was
reported that these retroelements might cause CpG methylation
to spread to the nearby genomic sequences [7]. Based on evi-
dence showing that the L1 elements contain potent CpG meth-
ylation sites [8] and are enriched in the X chromosome [9], the
L1 elements have been suggested to facilitate the spread of CpG
methylation and stabilize X chromosome inactivation [10]. In
addition, the Alu elements are also known to be potential centers
for the de novo methylation events of the adjacent CpG sites
[11–13]. Such CpG methylation along with histone modifica-
tion regulates the transcriptional activity via chromatin conden-
sation [14,15]. Therefore, the redistribution of retroelements
suggests the adaptive fixation of a methylation center, allowing
the well-coordinated gene expression for diverse cellular
differentiation.
Because of the increased mutability of methylated CpG dinu-
cleotides, CpG-rich islands reflect the consistently unmethylated
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repetitive sequences [16]. The boundary sequences near the
genes can prevent the spread of heterochromatin signals to the
euchromatic regions via localized chromatin condensation [17].
Given the interdependence of epigenetic machinery, the bound-
ary sequences might also serve as barriers against the spread of
methylation. On the other hand, the CpG islands are distributed
heterogeneously in the human genome and are related to all the
housekeeping genes [16] as well as up to 40% of the tissue-
specific genes [18,19]. This CpG-island heterogeneity reflects
the differential spread of methylation among the different cell
types. Therefore, it is likely that the spread of retroelement
methylation is under the influence of the protective boundary
sequences and cell types.
To delineate the spread of retroelement methylation to the
genes, this study examined the correlations between the
length of CpG islands and either the distance from the
nearest retroelements to the transcription start sites or the
regional density of the adjacent retroelements. There was a
linear relationship between the length of the CpG islands
and the Alu density, suggesting a CpG-protective role such
as the boundary sequences. The transitional CpG sites be-
tween the CpG islands and the nearest retroelements were
found to be methylated to various degrees according to the
cell type.
Results
Retroelement distributions
A total of 23,116 genes obtained from human genome
sequences were divided into two groups, those that contain
CpG islands at the transcription start sites (11,117 genes) and
those that do not (11,999 genes). Although the genome-wide
proportion of L1 elements is larger than that of Alu elements,
there was a higher concentration of 5′ flanking regions in the
Alu elements (Table 1). Comparing the 10-kb segments contain-
ing CpG islands with those not containing CpG islands, the
density of Alu elements was found to be higher in the CpG-Table 1
Distributions of human retroelements in 10 kb nucleotides flanking the 5′ end of
genes
Overall 5′ flanking
With CpG island Without CpG island
No. of genes 11,117 11,999
Alu
Proportion 9.9% 21.7% 15.3%
Number 3.8 copies 8.5 copies 5.9 copies
Size 261 bp 255 bp 260 bp
L1
Proportion 16.2% 9.5% 12.8%
Number 3.0 copies 2.8 copies 3.1 copies
Size 548 bp 335 bp 415 bp
LTR
Proportion 8.0% 8.7% 6.7%
Number 2.1 copies 2.6 copies 1.9 copies
Size 379 bp 334 bp 362 bpisland-containing regions. The density of L1 elements was
lower in the CpG-island-containing regions. The LTR distribu-
tion was relatively homogeneous throughout the genome. For
the three types of retroelements throughout the 5′ flanking
regions, there were significant differences in the density of
retroelements between the genes with the CpG islands and
those without.
The densities of Alus, L1s, and LTRs in 1-kb bins were
plotted separately through the 5′ flanking regions (Fig. 1A).
The three types of retroelements were more depressed in the
first 1-kb segments upstream of the genes containing the
CpG islands than in those without and either reached a
plateau density at a distance of −2 and −3 kb from the
genes (Alu and LTR) or gradually increased through the 10-
kb segment (L1). The plateau density of LTRs was the lowest
among the three retroelement types. The plateau densities of
the L1s and LTRs were higher in the 5′ flanking regions not
containing CpG islands. In contrast, the Alu plateau density
was higher in the 5′ flanking regions containing the CpG
islands.
An analysis of the proximity of retroelements to the CpG-
rich promoters was performed to determine the extent of
retroelement methylation spreading. The type, position, and
density of the nearest retroelement to the transcription start
site were demarcated using nonoverlapping 5-kb windows
(Fig. 1B). In most cases (87%) in which a CpG island was
present, the nearest retroelements were located within −3 kb
from the genes. The Alu element located close to the tran-
scription start sites was frequently observed at the nearest
position (67%), and the L1 (18%) and LTR (15%) elements
were observed occasionally (Fig. 1C). As the nearest retro-
elements moved away from the transcription start sites up to
−6 kb by 1-kb steps, the 5′ ends of CpG islands extended
from −275 bp through to −772 bp on average (Fig. 1D). There
were significant linear correlations between the size of the
CpG islands and the distance from the transcription start
sites to the nearest retroelements (Alu, R = 0.389; L1,
R = 0.355; LTR, R = 0.331). The densities of the L1 elements
in 1- (Fig. 1E) and 5-kb regions (Fig. 1F) increased gradually
with increasing distance from of the transcription start site.
The densities of the Alu and LTR elements in the 1-kb regions
were similarly sustained throughout the 5′ flanking regions
(Fig. 1E), and the densities of the Alu elements in 5-kb
regions tended to decrease gradually (Fig. 1F).
Relationships between the CpG islands and the nearest Alu
elements
In the same category of the distances between the transcrip-
tion start site and the nearest Alu element, there was a linear
relationship between the extragenic size of a CpG island and the
density of the Alu elements in 5-kb windows at −2 through −6
kb distances from the transcription start sites (−2 kb, R = 0.040;
−3 kb, R = 0.078; −4 kb, R = 0.142; −5 kb, R = 0.220; −6 kb,
R = 0.430) (Table 2). There was an inverse correlation between
the size of a CpG island and the density of the Alu elements in a
1-kb bin at a distance of less than or equal to −2 kb (−1 kb,
Fig. 1. Density distributions of the Alu, L1, and LTR retroelements in the 5′ flanking regions of the human genes. (A) A total of 23,116 genes were divided into two
groups, those that contain CpG islands at the transcription start sites (11,117 genes) and those that do not (11,999 genes). The densities of the Alus, L1s, and LTRs in a
1-kb nucleotide bin were plotted through to the 10-kb segments upstream of the genes with CpG islands and without. (B–F) The proximity of the retroelements to a
total of 11,117 genes with CpG islands. (B) The regional retroelements were demarcated by the distance from the transcription start site (TSS) to the nearest
retroelement. Using a 5-kb-sized window moving in 1-kb steps, the density of the nearest retroelements was calculated in a 1-kb bin at the 3′-end portion of a window.
The regional density of the retroelements was scored as a proportion of retroelement sequences in a 5-kb-sized window including the nearest retroelements. (C) The
number of the nearest retroelements at the same distances, (D) the mean extragenic length of the CpG islands, (E) the density of the nearest retroelements, and (F) the
regional densities of the three retroelement types are shown in the order of the nearest retroelement type, Alu, L1, and LTR.
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tionship between the size of a CpG island and the density
of L1 elements in a 5-kb window at −1 kb through −4 kb
(−1 kb, R = −0.040; −2 kb, R = −0.090; −3 kb, R = −0.083;
−4 kb, R = −0.146) and the LTR density in a 5-kb window at
−1 kb through −3 kb (−1 kb, R = −0.079; −2 kb, R = −0.108;
−3 kb, R = −0.114).
When selectively analyzing the 5′ flanking region contain-
ing only the Alu elements (Fig. 2A) or a high density of the
nearest Alu elements in a 1-kb bin (Fig. 2B), the length of
CpG islands was either linearly or inversely proportional to
the density of the Alu elements in 5-kb windows dependenton the distance between the transcription start site and the
nearest Alu copy.
Relationships between CpG islands and the nearest L1 and
LTR elements
The extragenic length of CpG islands confronted by the L1
element was inversely proportional to the densities of the L1
elements in 5-kb windows at a −1 kb (R = −0.101) and −5 kb
(R = −0.217) distance and the L1 densities in 1-kb bins at a −1
kb distance (R = −0.170) and −2 kb distance (R = −0.102)
(Table 2). There was a linear relationship between the length
Table 2
Statistical analysis of the correlation (R values) between the extragenic length of CpG islands and the density of retroelements in the 5′ flanking regions of 11,117 genes
5′ flanking
retroelements a
Distance between the transcription start sites and the nearest retroelements
−1 kb −2 kb −3 kb −4 kb −5 kb −6 kb
Nearest Alu element
Nearest Alu density −0.136 −0.067 −0.052 −0.033 0.152 0.113
p value b0.0001 b 0.001 b 0.098 0.479 0.031 b 0.264
Regional Alu density −0.028 0.040 0.078 0.142 0.220 0.430
p value 0.161 0.032 b 0.008 b 0.001 b 0.001 b b0.0001 b
Regional L1 density −0.040 −0.090 −0.083 −0.146 −0.102 −0.113
p value 0.046 b 0.001 b 0.004 b 0.001 b 0.127 0.235
Regional LTR density −0.079 −0.108 −0.114 0.003 0.071 −0.016
p value b0.0001 b b0.0001 b b0.0001 b 0.952 0.289 0.867
Nearest L1 element
Nearest L1 density −0.170 −0.102 −0.122 −0.120 −0.157 −0.189
p value 0.001 b 0.026 b 0.102 0.214 0.175 0.249
Regional Alu density −0.012 0.108 0.113 0.149 0.322 −0.192
p value 0.777 0.003 b 0.047 b 0.067 0.001 b 0.164
Regional L1 density −0.101 0.033 −0.072 −0.115 −0.217 −0.261
p value 0.013 b 0.362 0.209 0.161 0.021 b 0.056
Regional LTR density −0.115 −0.064 −0.162 −0.036 0.042 0.128
p value 0.005 b 0.080 0.004 b 0.658 0.657 0.358
Nearest LTR element
Nearest LTR density −0.173 −0.022 −0.140 0.076 0.074 −0.242
p value 0.001 b 0.629 0.024 b 0.416 0.566 0.132
Regional Alu density −0.003 0.070 0.266 0.064 0.270 −0.066
p value 0.953 0.070 b0.0001 b 0.453 0.018 b 0.649
Regional L1 density −0.099 −0.048 −0.068 −0.019 0.051 0.257
p value 0.041 0.214 0.218 0.824 0.664 0.072
Regional LTR density −0.097 −0.082 −0.135 −0.076 0.103 −0.071
p value 0.046 b 0.035 b 0.014 b 0.366 0.377 0.622
a Retroelements in the 5′ flanking region were demarcated by the distance from the transcription start sites to the nearest retroelements. The density of the nearest
retroelements was calculated in a 1-kb bin at the 3′ end of a 5-kb-sized window. The regional density of retroelements was calculated in a 5-kb-sized window.
Correlation between the extragenic length of CpG islands and the density of retroelements was analyzed by Pearson's correlation coefficient.
b p b 0.05.
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in 5-kb windows at a −2 kb (R = 0.108), −3 kb (R = 0.113), and
−5 kb (R = 0.322) distance.
The length of the CpG islands confronted by the LTR ele-
ments was inversely proportional to the density of the LTR
elements in 5-kb windows (−1 kb, R = −0.097; −2 kb,
R = −0.082; −3 kb, R = −0.135) and in 1-kb bins (−1 kb,
R = −0.173; −3 kb, R = −0.140), and there was a linear
relationship with the Alu densities in 5-kb windows at a −3 kb
distance (R = 0.266) and −5 kb distance (R = 0.270) (Table 2).
The methylation boundary between promoters and
retroelements
A total of 16 genes were examined using methylation
analysis. The length of CpG islands and the distribution of
retroelements in the 5′ flanking region of the 16 genes are
show in Supplementary Fig. 1. The patterns of gene expres-
sion are listed in Table 3. Thirteen of the 16 genes had various
CpG islands ranging in extragenic coverage from 219 to 4205
bp. The remaining 3 did not contain any CpG islands. The 5′
flanking regions without CpG islands contained a high density
of L1 elements (MAGEA2) or a low density of Alu elements(SERPINB5 and DDX53) compared with the CpG-island
regions containing the nearest retroelements at the same
distances.
The proximal CpG sites of the CpG islands within a −0.65
kb distance were invariably hypomethylated in most cell
types, and the distal CpG sites of the long CpG islands at a
distance of greater than or equal to −0.7 kb became increas-
ingly methylated depending on the cell type (Fig. 3). Level 4
and 5 hypermethylation patterns were observed at the distal
CpG sites upstream of the MLH1 gene in the colonic epithelial
cells, the CDKN2A gene in mammary epithelial cells, and the
RUNX3 gene in osteoblasts. These hypermethylation patterns
were completely opposite to the level 1 and 2 hypomethyla-
tion patterns observed in the counterpart cell types. A long
stretch of CpG's upstream of the RUNX2 gene was specifi-
cally hypomethylated in osteoblasts. The nonisland CpG sites
of the SERPINB5 and DDX53 genes were hypermethylated to
various degrees within a −0.3 kb distance. The MAGEA2 CpG
sites were completely hypermethylated at a −1.4 kb distance
in all cell types.
The difference in CpG methylation according to cell type
was analyzed based on the difference in the mean level of
methylation between oppositely methylated cell types (Fig. 3).
Fig. 2. Relationship between the extragenic length of CpG islands and the regional density of the Alu elements in the 5′ flanking regions. (A) 2,138 genes were
bordered by the nearest Alu elements in the 5′ flanking regions containing only the Alu elements. (B) 785 genes were bordered by the nearest Alu elements at a high
density occupying 60–90% of a 1-kb bin. The length of the CpG islands was plotted as a function of the Alu density in a 5-kb window. The correlation coefficients were
calculated using Pearson's correlation analysis. The correlation between the length of the CpG islands and the density of the Alu elements is shown with the line of best
fit.
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levels observed in the variably methylated CpG sites up-
stream of the SERPINB5, MLH1, CDKN2A, RUNX2 and
RUNX3 genes. The interindividual variation in CpG methyl-
ation did not exceed two levels comparing the most strongly
methylated and the least methylated individuals. The CpG
sites upstream of the ESR2, PAX5, and MYBPC2 genes tended
to be hypomethylated at a level ≤3 within a two-level vari-
ation. The CpG sites upstream of the DDX53 and MAGEA2
genes were hypermethylated at a level ≥3 within a one-level
variation.
Discussion
The size, sequence, and distribution of the retroelements are
so heterogeneous that the boundary of retroelement methylation
has not been correlated with the length of the CpG islands [20].
Extensive studies have been performed first with retroelement
analysis, which examined every human gene, and second with
methylation analysis for 16 selected genes. The retroelement
analysis based on proximity to the transcription start sites
allowed an examination of the transitional area between the
promoter regions and the confronting retroelements. A linear
relationship between the length of the CpG islands and the
distance from the transcription start sites to the nearest retro-elements suggests that the conflict between methylation spread-
ing and promoter region protection has left an evolution mark, a
transitional area, which can be quantified (Fig. 4). Methylation
analysis of the 16 genes, each with a different set and number of
retroelements, showed that the transitional CpGs were methyl-
ated to various degrees in the 11 cell types obtained from three
to five individuals. Some interindividual variation was also
noted. A transitional CpG area between promoter-protective
demethylation and retroelement-nucleated methylation is likely
to be methylated in association with cellular differentiation.
There was an inverse relationship between the length of
the CpG islands and the density of Alu elements in 1-kb-
sized bins only at a distance of less than or equal to −2 kb
(Table 2). Meanwhile, there was a linear relationship between
the length of CpG islands and the density of Alu elements in
5-kb windows mainly in the regions containing the nearest
Alu, L1, and LTR elements at a distance of greater than or
equal to −2 kb. The plateau density of Alus in the 5′ flanking
regions was obviously higher for the CpG-rich promoters
than for CpG-poor promoters (Table 1, Fig. 1A). The short-
distance spread of Alu methylation appears to be no longer
suppressive at long distances and offers protection to the
CpG islands. The 5′ flanking regions containing only the
Alu elements also showed a linear relationship between the
CpG islands and the Alus (Fig. 2A). In addition, the Alu
Table 3
Summary of the gene function and expression pattern of 16 selected genes examined by methylation analysis
Gene Gene function KnownGene ID Expression pattern Reference
CDH1 Calcium-dependent adhesion protein Z13009 Epithelial cells [36]
RABGEF1 RAB guanine nucleotide exchange factor 1 AJ250042 Housekeeping gene [37]
ESR2 Estrogen receptor 2 (ERâ) AB006589 Reproductive tract [38]
STAG1 Solid tumor antigen 1 BC064699 Prostate, ovary [39]
MYBPC2 Myosin-binding protein C, fast type X73113 Muscle, fibroblast [40]
RASSF1A Ras association (RalGDS/AF-6) AF102770 Housekeeping gene [41]
PTEN Phosphatase and tensin homolog U92436 Skin, thyroid, neurogenesis, GI epithelium [42]
VDR Vitamin D receptor J03258 Intestine, kidney, ovary [43]
MLH1 MutL homolog 1 BC006850 Housekeeping gene [25]
PAX5 Paired-box gene 2 M96944 B cell differentiation [44]
CDKN2A Cyclin-dependent kinase inhibitor 2A U26727 Housekeeping gene [24]
RUNX2 Runt-related transcription factor 2 L40992 Osteoblast differentiation [45]
RUNX3 Runt-related transcription factor 3 Z35278 Neurogenesis, GI epithelium [46]
SERPINB5 Serine protease inhibitor (SerpinB5) BC020713 Mammary epithelium, colon [26]
DDX53 Cancer-associated gene (DDX53) AY039237 Cancer, testis [47]
MAGEA2 Melanoma antigen, family A2 BC063681 Cancer, testis [48]
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CpG islands (Table 1, Fig. 1A), suggesting that the long-
distance spread of CpG methylation outside of the 5′ flanking
10-kb region or from L1-rich heterochromatin depletes the
CpG islands when the density of Alu’s upstream of the genes
is not high enough to preserve the CpG islands. These find-
ings suggest that one or more Alu elements are often located
between the L1 element and a promoter, which has a sup-
pressive effect on the L1 elements (Fig. 4).
The Alu elements and CpG islands show an inverse rela-
tionship at a short distance ≤2 kb but a strong linear asso-
ciation at distances ≥4 kb in the 5′ flanking regions
containing a high density of the nearest Alus (Fig. 2B).
These distance-dependent dual correlations also suggest that
the Alu elements influence the size of the CpG islands via a
partial antagonistic interaction between Alu and L1 methyla-
tion. The spread of the heterochromatin signals to euchroma-
tin can be blocked by the presence of a boundary element,
which is a heterochromatin-like structure located in the eu-
chromatic regions [16,17]. High-density Alus appear to serve
as more effective boundary sequences via high-level methyl-
ation providing a more condensed structure. Therefore, the
Alu elements enriched near the CpG islands and in the
euchromatin are likely to form heterochromatin-like local
barriers that protect the CpG islands.
There was an inverse relationship between the length of
CpG islands and the density of the L1 elements in the 5′
flanking regions containing the nearest Alu elements between
−2 and −4 kb, but not in the regions containing the nearest L1
elements. This controversial relationship appears to be the
result of a difference in the subchromosomal location between
the nearest Alu elements frequent in the euchromatin and the
nearest L1 elements in the heterochromatin. The RNA tran-
scripts of the L1 repetitive sequences may promote the long
trans-spreading of heterochromatin via the homologous pair-
ing of the repetitive sequences [21,22], and the L1 elements
enriched in the X chromosome are believed to facilitate the
RNA-mediated heterochromatization that involves the entire X
chromosome [21]. Although a RNA-mediated trans-module isbeneficial for spanning the L1-rich long-range heterochroma-
tin, the L1 elements can generate fewer L1 transcripts in the
gene-poor heterochromatic regions than in the gene-rich eu-
chromatic regions. Therefore, each L1 copy appears to have
fewer chances for RNA-mediated methylation in the hetero-
chromatic regions, in which L1 methylation spreading is easily
blocked by a short-distance methylation effect of the Alu
elements.
There was an inverse relationship between the length of
the CpG islands and the density of the LTR elements at a
distance ≥3 kb from the transcription start sites (Table 2).
The CpG islands confronted by the LTR elements at long
distances tended to be short compared with those confronted
by the Alu elements (Fig. 1D). Therefore, the LTR elements
are likely to initiate the spread of CpG methylation involving
more distant CpGs than the Alu elements and are unlikely to
form heterochromatin or local heterochromatin-like structures
due to the lowest density of the LTRs among three retro-
element types.
Given the vertical transmission of germ-line methylation,
the CpG content in the 5′ flanking region reflects the methyl-
ation status, which depends on gene expression in the germ-
line cells. The boundary of methylation spreading to a pro-
moter may be different between the germ-line and the somatic
cells. An analysis of CpG methylation showed that the distal
CpG sites of the long CpG islands N1 kb in size were meth-
ylated to a different extent according to the cell type (Fig. 3).
A long stretch of a CpG-rich segment upstream of the RUNX2
gene playing a role in osteoblast differentiation was consis-
tently hypomethylated (levels 1 and 2) in the osteoblasts only.
The CpG island of the RUNX3 gene associated with the
gastrointestinal tissue was hypermethylated (level 4) at a
−1.1 kb distance in the osteoblasts (Fig. 3). The p16 gene
has been reported to be inactivated by hypermethylation of
CpG island in normal mammary epithelia [23,24]. In this
study, the distal CpG sites of the p16 CpG island were
found to be specifically hypermethylated in mammary epithe-
lial cells, suggesting that transitional CpG hypermethylation
may underlie gene inactivation.
Fig. 3. Methylation profiles of the CpG islands and nonisland CpGs examined in 11 cell types byMSP analysis. The CpGmethylation status in each sample was divided
into five levels. The level of methylation is detailed under Materials and methods. All the information regarding the MSP analysis is listed in Table 4 and Fig. 5. The
CpG position is indicated by the name of the gene and the distance (kb nucleotides) from the transcription start site. aMethylation variation among 11 cell types is
reported as a mean difference in methylation level between the most strongly methylated and the least strongly methylated cell types. bInterindividual variations in the
methylation levels scored in the same cell type are represented by a level difference between the most strongly methylated and the least strongly methylated individuals.
Fig. 4. Model for a transitional area between promoter-protective demethylation
and retroelement-nucleated methylation. The extent of retroelement methylation
spreading can be predicted based on the length of the CpG islands and the
distance and density of the adjacent retroelements. The extents of both the CpG
islands and the transitional CpG area increase with increasing distance from the
transcription start site to the nearest retroelements, which are methylated to
various degrees according to the cell type. High-density Alu elements have a
suppressive effect on the L1 elements, which preserve the CpG islands.
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CpG islands were distant from and proximal to the transcription
start site, respectively, both of which were hypomethylated
dependent on the cell type. The CpG island of the MLH1 gene
is hypermethylated in association with a subset of gastrointesti-
nal cancers [25]. The nonisland CpG sites near the MLH1 CpG
island were completely hypomethylated (level 1) in the tonsilar
epithelial cells, which have never been reported to develop
MLH1-associated cancers. The SERPINB5 gene containing no
CpG islands has a low density of Alus in the 5′ flanking region,
which does not appear to block the spread of methylation. The
nonisland CpG's upstream of the SERPINB5 gene demonstrated
epidermis-specific hypomethylation [26]. The nonisland CpGs
adjacent to the SERPINB5 gene were hypomethylated in the
tongue and mammary epithelial cells derived from the ectoderm
(Fig. 3), which was similar to the methylation status of the
ectodermal skin tissue.
It was previously reported [27] that the housekeeping genes
contain more Alu copies in the 5′ flanking region than the tissue-
Table 4
CpG dinucleotides examined by a methylation-specific polymerase chain reaction
Coding
gene
Chromosome
locus
MSP position
(kb)
CpG ratio GC% 5′ position a Intensity ratio b
U M U U/M M
CDH1 16q22.1 −0.3 0.72 71 −106 −104 0.92 0.49/0.51 0.94
RABGEF1 7q11.21 −0.2 0.89 66.5 −284 −282 0.9 0.46/0.54 0.91
ESR2 14q23.2 −0.9 1.01 60 −983 −963 0.85 0.48/0.52 0.91
STAG1 3q22.3 −0.5 0.67 65.5 −581 −515 0.93 0.51/0.49 0.91
MYBPC2 19q13.33 −0.7 0.79 78 −745 −745 0.9 0.51/0.49 0.88
−1.2 0.78 67 −1229 −1227 0.92 0.48/0.52 0.94
RASSF1A 3p21.3 −0.2 0.91 75.5 106 118 0.92 0.46/0.54 0.93
PTEN 10q23.31 −0.9 0.95 71.5 −953 −953 0.94 0.51/0.49 0.93
VDR 12q13.11 −0.7 0.83 63 −773 −772 0.92 0.51/0.49 0.92
MLH1 3p22 −0.7 1.09 68 −664 −669 0.94 0.48/0.52 0.93
−1.0 0.38 51 −1429 −1429 0.93 0.51/0.49 0.95
PAX5 9p13.2 −1.4 0.67 63 −1431 −1429 0.92 0.52/0.48 0.9
CDKN2A 9p21 −0.2 0.8 74.5 −218 −218 0.91 0.47/0.53 0.91
−1.6 0.48 61.5 −1708 −1703 0.9 0.47/0.53 0.93
RUNX2 6p21.1 −0.9 1.04 68 −980 −980 0.93 0.52/0.48 0.92
−1.9 0.77 48.5 −1947 −1947 0.89 0.47/0.53 0.94
−3.1 0.81 58 −3196 −3196 0.91 0.49/0.51 0.92
−4.0 0.27 38.5 −4018 −4018 0.9 0.48/0.52 0.93
RUNX3 1p36.11 −0.1 0.99 83 −217 −217 0.92 0.5/0.5 0.93
−0.5 0.92 80 −560 −560 0.91 0.48/0.52 0.9
−1.1 0.60 60.5 −1166 −1166 0.86 0.48/0.52 0.92
−1.7 1.07 58 −1166 −1166 0.89 0.46/0.54 0.9
SERPINB5 18q21.43 −0.3 0.82 47 −314 −309 0.93 0.51/0.49 0.94
DDX53 Xq22.11 0.0 0.77 55 −63 −92 0.94 0.48/0.52 0.94
MAGEA2 Xq28 −1.4 0.52 66 −1440 −1439 0.9 0.54/0.46 0.91
a The genomic positions were calculated from the July 2003 human reference sequence.
b The relative proportion of unmethylation (U) and methylation (M) band intensity against the total band intensity. The nucleotide sequences and PCR conditions for
each primer set are provided in Supplementary Table 1.
587M.-I. Kang et al. / Genomics 87 (2006) 580–590specific genes. All the housekeeping genes and 40% of the
tissue-specific genes harbor CpG islands at the transcription
start sites [16,18,28]. When considering the linear relationship
between the CpG islands and the Alu elements, the 5′ flanking
region of the housekeeping genes is occupied with a high den-
sity of Alus protecting CpG islands, in which a sufficient amount
of invariably unmethylated CpG's allow static accessibility to
the transcription factors in many cell types. In this study, the
SERPINB5, MLH1, CDKN2A, RUNX2, and RUNX3 genes bor-
dered by a low density of Alus or long-distant retroelements
showed methylation-variable transitional CpG's. It is likely that
the 5′ flanking regions of the tissue-specific genes contain a low
density of Alus or long-distant retroelements, which has a weak
protective effect on CpG islands and leads to the variable spread
of methylation in a long-range transitional area.
Analyses of the relationships between the nearest retroele-
ments and the CpG islands produced interesting results in that
the Alu elements near the promoter may influence the size of a
CpG island. Methylation analysis of a select group of promoters
has allowed the general principles to be determined from se-
quence analysis of the 5′ flanking regions. Consequently, the
variably methylated CpGs according to the cell type can be
quantified in the transitional area between the CpG islands
and the nearest retroelements. These are expected to reflect the
accessible state of the entry sites for the epigenetic modification
and gene expression machinery. Further studies will be needed
to determine how and what transitional CpGs are dynamically
methylated during cellular differentiation.Materials and methods
Collection of human genome data in silico
The nucleotide sequences of the human genome were obtained from the
human genome database in the July 2003 version (http://genome.ucsc.edu).
The genomic locations and annotations of retroelements were derived from
the RepeatMasker program output (http://ftp.genome.washington.edu/RM/
RepeatMasker.html) based on RepBase [29]. A CpG island was defined as a
DNA segment with a G + C content ≥50%, longer than 200 bp of nucleo-
tides, and with an observation/expectation CpG ratio over 0.6 [30].
Tissue samples
The 11 cell types were obtained from 53 individuals. A given cell type was
collected from 5 individuals with the exception of osteoblasts, which were
obtained from 3 individuals. The stomach and colon tissues were divided into
proximal and distal portions based on the anatomic landmarks, gastric body, and
splenic flexure of the colon. Permission for this study was obtained from the
Institutional Review Board, and written informed consent was obtained from
each person prior to the study.
DNA extraction from cultured cells and formalin-fixed tissues
The osteoblasts and fibroblasts were isolated and cultured as described
previously [31,32]. For osteoblastic differentiation, the bone marrow cells were
subcultured four times in the presence of the osteogenic supplements (100 mM
dexamethasone, 10 mM β-glycerophosphate, and 50 μg/ml ascorbic acid).
Fibroblast-like cells were isolated by the enzymatic digestion of dermal and
synovial tissues. The digested cells were used after the second or third passage of
cell culture in serum-free DMEM supplemented with insulin–transferrin–sele-
nium A. To obtain a homogeneous cell content from the pathology archives, the
formalin-fixed tissue was microdissected from an average of seven-μm-thick
Fig. 5. Representative autoradiographs of the MSP analysis and the number and position of methylated CpGs identified by bisulfite sequencing. The CpG islands of the
MYBPC2, MLH1, CDKN2A, RUNX2, and RUNX3 genes and the nonisland CpGs of the SERPINB5 and MAGEA2 genes generated a broad range of methylated and
unmethylated MSP band intensities from the bisulfite-modified DNAs. The lanes marked by U and M indicate the PCR bands of the unmethylation and methylation
primer sets, respectively. The density of the methylated CpGs calculated based on the standard MSP curve is indicated below the lanes. The methylated CpG content
estimated by sequencing of the common PCR products encompassing the MSP amplicons is indicated below each CpG methylation map. In two MSP amplicons 1.2
kb upstream of the MYBPC2 gene and one MSP amplicon 1.9 kb upstream of the RUNX2 gene, the methylation levels estimated by the MSP bands were one level
higher than the methylated CpG content estimated by the common PCR products.
588 M.-I. Kang et al. / Genomics 87 (2006) 580–590hematoxylin–eosin-stained sections using a stereomicroscope. Approximately
50 microdissected cells were digested in 1 μl of a Tween 20–proteinase K lysis
buffer. A DNA isolation kit (A1120; Promega, Madison, WI, USA) was used to
extract the genomic DNA according to the supplied instruction.
DNA modification by sodium bisulfite
Because of the varying quality of the genomic DNAs, the amount of
template DNA used for the PCR-based methylation analyses was determined
based on a PCR band intensity of 20 ng/μl amplified by the microsatellite primer
set D19S226 (forward, 5′-CCAGCAGATTTTGGTGTTGTCTA-3′; reverse, 5′-
ACAGAGCCAGAGCCAGTAGGAGT-3′; amplicon size, 164 bp). Ninety
microliters of the genomic DNA was denatured with 10 μl of 3 M NaOH for
15 min at 37°C prior to sodium bisulfite modification. For sodium bisulfitemodification, 100 μl of the denatured DNAwas treated with 1040 μl of 2.3 M
sodium bisulfite and 60 μl of 10 mM hydroquinone for 12 h at 50°C [33]. The
modified DNAwas purified using a Wizard DNA purification resin (Promega),
precipitated with ethanol, and dissolved in 35 μl of 5 mM Tris buffer (pH 8.0).
One-microliter aliquots of the modified DNA solution were placed in PCR tubes
and stored at −20°C.
Methylation- and unmethylation-specific PCR and bisulfite
sequencing
The methylation analysis using the radioisotope was performed for a mini-
mum of amplification rounds for subplateau DNA amplification. A 1-μl aliquot
of the bisulfite-modified DNAwas amplified and labeled by using hot-start PCR
containing an [α-32P]dTTP (Perkin–Elmer, Boston, MA, USA) and dNTP
589M.-I. Kang et al. / Genomics 87 (2006) 580–590mixture through 32 PCR cycles. The bisulfite-modified DNAs produced a total
PCR intensity of 2–10 ng/μl for each MSP primer set. Of the PCR products, 5 μl
was loaded directly onto a nondenaturing polyacrylamide gel and visualized by
repeated autoradiography using a radioluminograph scanner (BAS 2500; Fuji
Photo Film, Kanakawa, Japan). The intensity of MSP bands was converted into
one-dimensional peaks using the “Profile” option of the TINA image software
(raytest Isotopenmeβgeräte GmbH, Straubenhardt, Germany).
The high specificity of each MSP primer set was validated by plotting a
standard curve for the universal methylated and unmethylated DNAs in each
reaction (Supplementary Fig. 2). The genomic DNA universally methylated by
DNAmethylase (CpGenomeUniversal Methylated DNA; Chemicon, Temecula,
CA, USA) was used as the methylation control DNA. The PCR DNA that had
been amplified by the universal primer (5′-CCGACTCGAGNNNNNNATG-
TGG-3′) was used as the unmethylation control DNA [34]. The proportion of
methylated and unmethylated CpGs was calculated using the following formula:
Methylation proportion ð%Þ ¼ ðmethylation or unmethylation intensityÞ=
ðmethylationþ unmethylation intensityÞ  100:
Based on the standard curve of the control MSP bands, the density of
methylated CpGs was scored at five levels: 1 (0–20% methylation), 2 (21–
40% methylation), 3 (41–60% methylation), 4 (61–80% methylation), and 5
(81–100% methylation).
The MSP primer sets for the 25 amplicon sites upstream of 16 genes are
listed in Table 4 and Supplementary Table 1. The primer sequences were selected
using the MethPrimer software (http://www.urogene.org/methprimer/) and
checked for any sequence redundancy by a BLAST search (http://www.ncbi.
nlm.nih.gov/BLAST/). Each MSP primer set was designed to generate a small
fragment of ≤150 bp, which specifically amplified the control DNAs and the
genomic DNAs obtained from the formalin-fixed paraffin-embedded tissues.
The PCR products common to the methylated and unmethylated CpGs were
cloned into the pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA), and the
PCR clones from each genomic DNA sample were cycle-sequenced using a
BigDye Terminator Kit (PE Biosystems, Foster City, CA, USA) and an ABI
automated DNA sequencer (PE Biosystems, Warrington, UK).
The intensity of the MSP bands and the density of methylated CpGs esti-
mated by sequencing of common PCR products were compared for 36 MSP
amplicons showing a variation in methylation (Fig. 5). In 33 of the 36 MSP
amplicons (92%), the level of methylation scored by the semiquantitative pro-
tocol was consistent with the density of methylated CpGs that was estimated by
the common PCR products encompassing the MSP amplicons. The three MSP
amplicons dissimilarly scored were found to be different in the methylation level
between the 5′- and 3′-primer CpGs of an amplicon. However, the methylation
levels of the three MSP amplicons were different from those of common PCR
products within one level. A previous study also reported that the MSP primer
set containing three or four CpGs at the boundary of CpG islands was useful to
measure semiquantitatively the variably methylated CpG content [35].
Statistical analysis
The Pearson's correlation coefficient was calculated to determine the corre-
lation between the MSP band intensity and the proportion of methylation and
unmethylation control DNAs as well as between the extragenic extent of CpG
islands and the density of retroelements using SPSS version 11.0 software. Two-
tailed p values b0.05 were considered significant.
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